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Groundwater is an important resource for multiple uses in South Africa. Hence, setting limits to its sus-
tainable abstraction while assuring basic human needs is required. Due to prevalent data scarcity related
to groundwater replenishment, which is the traditional basis for estimating groundwater availability, the
present article presents a novel method for determining allocatable groundwater in quaternary (fourth-
order) catchments through information on streamflow. Using established methodologies for assessing
baseflow, recession flow, and instream ecological flow requirement, the methodology develops a com-
bined stepwise methodology to determine annual available groundwater storage volume using linear
reservoir theory, essentially linking low flows proportionally to upstream groundwater storages. The
approach was trialled for twenty-one perennial and relatively undisturbed catchments with long-term
and reliable streamflow records. Using the Desktop Reserve Model, instream flow requirements neces-
sary to meet the present ecological state of the streams were determined, and baseflows in excess of
these flows were converted into a conservative estimates of allocatable groundwater storages on an
annual basis. Results show that groundwater development potential exists in fourteen of the catchments,
with upper limits to allocatable groundwater volumes (including present uses) ranging from 0.02 to
3.54  106 m3 a1 (0.10–11.83 mm a1) per catchment. With a secured availability of these volume
75% of the years, variability between years is assumed to be manageable. A significant (R2 = 0.88) corre-
lation between baseflow index and the drainage time scale for the catchments underscores the physical
basis of the methodology and also enables the reduction of the procedure by one step, omitting recession
flow analysis. The method serves as an important complementary tool for the assessment of the ground-
water part of the Reserve and the Groundwater Resource Directed Measures in South Africa and could be
adapted and applied elsewhere.
 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
According to the National Water Act of South Africa (NWA, Act
36 of 1998), water-use licensing, including licensing of groundwa-
ter use, is to be granted only after defining and fulfilling the
Reserve: the amount of water needed to supply basic human needs
(BHN) and water needed to preserve ecological integrity (Xu et al.,
2003). The objective of the NWA is to keep water, including
groundwater, development within sustainable limits, while also
adhering to efficiency and equity goals. In order to allocate water
in accordance with the requirements of the NWA, it is imperativethat the interdependencies between groundwater and surface
water are realized and incorporated into the assessments and allo-
cations of each resource (Kelbe and Germishuyse, 2010). Quantifi-
cation of the ‘groundwater component of the Reserve’, i.e. the
groundwater needed to fulfil BHN and ecological needs, is very
important for the successful implementation of the NWA. How-
ever, estimating groundwater volumes and fluxes is a major chal-
lenge in South Africa due to large hydrogeological variability and
complexity and limited groundwater data (Levy and Xu, 2012).
Acknowledging these facts, the generally accepted method for
estimating the groundwater quantity part of the Reserve, as an
element of defining the so-called Resource Directed Measures
(RDM) of the NWA (DWAF, 1999; Xu et al., 2003), is to use esti-
mates of groundwater recharge and stream baseflow as the upper
limit for groundwater exploitation and the upper requirements for
1 http://nrcca.cals.cornell.edu/soil/CA2/CA0212.5.php, (accessed on 05 September
2015)
G.Y. Ebrahim, K.G. Villholth / Journal of Hydrology 541 (2016) 754–765 755groundwater discharge to streams, respectively. According to
Parsons and Wentzel (2007), the relationship to be solved is:
GWallocate ¼ ðReþ GWin  GWoutÞ  BHN GWbf ð1Þ
where
GWallocate = upper limit for groundwater allocation
Re = groundwater recharge
GWin = lateral groundwater inflow (normally disregarded)
GWout = lateral groundwater outflow (normally disregarded)
BHN = basic human needs
GWbf = groundwater contribution to baseflow
This relationship has an aquifer or a hydrological unit as the
base, normally the fourth-order (quaternary) catchments delin-
eated for South Africa (1946 in total (Le Maitre and Colvin,
2008)) and evaluates fluxes on a long-term average annual scale
(Parsons and Wentzel, 2007). Baseflow is that fraction of stream
discharge that is not attributable to direct runoff from precipitation
or melting snow. It is sustained on a more continuous basis, even
under dry conditions, to an extent by groundwater discharge. As
such, groundwater is critical in sustaining ecological functioning
of many streams. GWbf is here the minimum amount of groundwa-
ter discharge required to sustain the ecological integrity of ground-
water dependent systems, like rivers, wetlands, and lakes (Levy
and Xu, 2012). BHN is the part of the Reserve that caters for a min-
imum of water supply for human uses (e.g., 25 L/d/capita). The
total groundwater Reserve is thus the sum of BHN and GWbf. Any
new development and allocation of groundwater (GWallocate) has
to be met from the possibly remaining surplus, which is the differ-
ence between the recharge and the total Reserve. The most uncer-
tain parameters in this assessment are the recharge (Re) and the
groundwater-derived minimum baseflow (GWbf). The manual by
Parsons and Wentzel (2007) has subsequently been updated by
Dennis et al. (2012), including methods and cases for determina-
tion of the groundwater component of the Reserve.
An alternative approach, omitting the need to assess Re is based
on the premise that the baseflow component of streamflow in
unregulated and relatively pristine basins is a good indicator of
shallow groundwater storage and availability in the basin. Ground-
water abstraction or factors impacting groundwater recharge will
alter the groundwater storage and consequently the natural base-
flow regime. Hence, it is assumed that the amount of water that is
available for groundwater development for use like BHN, agricul-
ture and industry in a catchment, is the groundwater storage
required to generate the baseflow in excess of ‘environmental
baseflow requirements’ (McClain et al., 2013). In order to relate
baseflow to groundwater storage, recession flow analysis is
applied. Assuming that the recession flows, in the absence of pre-
cipitation and direct surface runoff, consist of the cumulative out-
flow from all upstream phreatic aquifers representing a linear
reservoir, the analysis of these flows can infer information on stor-
age of groundwater in these aquifers through a proportionality fac-
tor, the characteristic drainage time scale (Brutsaert and Sugita,
2008). Similarly, the ‘river ecological reserve’ or instream flow
requirement, when less than river baseflow, can be converted to
a groundwater storage in the catchment necessary to maintain
them, constituting part of the ‘groundwater ecological reserve’.
By extrapolation, any baseflow in excess of this instream flow
requirement represents, when converted to groundwater storage,
the groundwater volume allocatable to all human uses.
The study proposes to apply this approach for the first time in
South Africa as part of the determination of the Reserve and the
Resource Directed Measures (RDM) (Dennis et al., 2012). The
method was initially proposed by Smakhtin (2001a) and trialled
in Africa, more specifically for a catchment in Tanzania (Shu and
Villholth, 2013). While the methods of baseflow separation,recession flow analysis and estimation of instream flow require-
ments have been tested and applied in the literature for various
purposes, their combined and integrated use for estimating
groundwater availability has not been reported extensively.
The overall aim of the study is to develop and test an integrated
method for assessing allocatable groundwater from streamflow
recession and instream flow requirements. The advantages of this
method include:
(i) no a priori information on hydrogeology and recharge is
required
(ii) it enables initial assessments of available groundwater stor-
age integrated at the catchment scale
(iii) it is based on ecological criteria related to the river
(iv) it incorporates assessment of temporal (inter-annual) vari-
ability of groundwater availability.
2. Theoretical background
2.1. Estimating drainage time scale from recession flow analysis
The Boussinesq equation describing outflow into a fully pene-
trating empty stream channel from an initially saturated homoge-
nous unconfined rectangular aquifer placed on a horizontal
impermeable layer and with no flux at the boundary is shown in
Brutsaert and Nieber (1977), when making use of the Dupuit
assumptions, to be expressed as a power law function:
dQ
dt
¼ aQb ð2Þ
where Q [L3/T] is the river discharge during recession (t > 0),  dQdt
 
is
the rate of change of discharge, and a [unit depends on b] and b [–]
are parameters.
By linearizing the Boussinesq equation and retaining the funda-
mental harmonic in the Fourier expansion to describe outflow from
the aquifer, the constants in Eq. (2) can be shown to be (Brutsaert
and Lopez, 1998):
b ¼ 1 ð3Þ
a ¼ p
2kopDl
2
nA2
ð4Þ
where ko [L/T] is the hydraulic conductivity, n [–] is the drainable
porosity, D [L] is the total aquifer depth, l [L] is the total length of
upstream channels in the watershed, and A [L2] is the drainage area
of the catchment. Drainable porosity is the pore volume of water
that is removed (or added) when the water table is lowered (or
raised) in response to gravity and in the absence of evaporation.1
According to Brutsaert and Lopez (1998), the parameter p [–] is a
constant (introduced to compensate for the approximation resulting
from linearization), which can be estimated to be 0.346.
Basically, a [T1] in Eq. (4) is the inverse of the characteristic
drainage time scale (K [T]) given by Brutsaert (2008):
K ¼ 0:1n
D2dTe
ð5Þ
where Dd [L1] is the drainage density given by l/A, and Te [L2/T] is
the effective hydraulic transmissivity of the aquifer given by Te = ko
p D.
Brutsaert and Lopez (1998) and Brutsaert (2008) have shown
that the behaviour of hydrograph recession during low flow is best
described with Eq. (2) using a value of b = 1. The flow recession in,
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storage-discharge relationship behaves as a linear reservoir, which
can be expressed using Eq. (6):
S ¼ KQ ¼ Q=a ð6Þ
where S is the shallow aquifer storage [L3], Q is the recession flow
[L3/T], a [T1] is the recession constant, and K [T] (=1/a) is the char-
acteristic drainage time scale.
Groundwater storage estimation using Eq. (6) requires prior
estimation of the drainage time scale or the recession constant.
However, in practice, it is difficult to obtain the value of ‘‘a” using
Eq. (4), or K using Eq. (5). Instead, its value is inferred from stream-
flow observations. From Eq. (2), and assuming a linear reservoir
approximation:
log  dQ
dt
 
¼ logðaÞ þ logðQÞ ð7Þ
When daily values of dQ/dt and Q are plotted on log-log graph,
the cluster of the points is ‘enveloped’ by a lower line of slope
equal to 1. The envelope line represents the lowest recession rate
(dQ/dt) for a given Q, which is considered the baseflow condition.
One advantage of this method is that it eliminates the problem of
determining the time reference t = 0 after each interruption of
baseflow recession by precipitation (Brutsaert and Nieber, 1977;
Zecharias and Brutsaert, 1988). The log-log graph is used because
 dQdt
 
and Q both typically span several orders of magnitude and
their relationship to one another can best be viewed on log-log
plots (Troch et al., 2013). Furthermore, for the linear reservoir
assumption (b = 1), the slope is equal to one. The parameter a is
then determined as the intercept of the envelope line and the ver-
tical line Q = 1.
Measurement errors, especially for low flows close to zero are
most common and reported by many researchers as an unavoid-
able error in recession analyses. To overcome this problem, it is
recommended to establish the lower envelope by keeping roughly
5% of the data below the line (Brutsaert, 2008; Brutsaert and
Hiyama, 2012).
2.2. Baseflow separation
Baseflow separation is performed to filter out that component
of the streamflow, which derives from subsurface storage. Various
kinds of automated digital filter methods have been developed that
process the entire streamflow record in a consistent, objective, and
reproducible, manner (Eckhardt, 2005). The recursive digital filter
method introduced by Nathan and McMahon (1990) is the most
widely used, even today. As an example, Ahiablame et al. (2013)
determined baseflow at ungauged sites in Indiana, USA using
regression and the Nathan and McMahon (1990) digital filter for
gauged catchments.
The recursive filter method by Nathan and McMahon (1990) has
the following algorithm:
qt ¼ fqt1 þ
1þ f
2
 ðQt  Qt1Þ ð8Þ
where qt [L3/T] is the filtered surface runoff at time step t, Qt [L3/T]
is the original total streamflow at time t, f is the filter parameter [–],
and q0 is assumed to be ½ of Q0.
Baseflow bt [L3/T] at time t is calculated using Eq. (9):
bt ¼ Qt  qt ð9Þ
The premise behind the algorithm is filtering out quick-flow
(high-frequency signals) related to direct surface runoff from
slow-flow (low-frequency signals) from delayed baseflow. It is
assumed that the streamflow is comprised of only twocomponents, namely the fast surface runoff and the slow ground-
water discharge. Interflow (or subsurface stormflow), a lateral flow
component in the unsaturated zone, which can contribute to
streamflow on an intermediate time scale (Freeze and Cherry,
1979) is not separated explicitly, and hence could be part of either
the slow or quick-flow depending on parameterization.
2.3. Estimating instream flow requirements using the Desktop Reserve
Model
The Desktop Reserve Model (DRM) was developed by the Insti-
tute of Water Research, South Africa, to provide a rapid, low-
confidence, but ecologically-based tool for ecological Reserve esti-
mation (Hughes and Hannart, 2003). The DRM can be used to esti-
mate the ecological Reserve, i.e. instream flow requirement (IFR),
which will sustain a river in a desired ecological condition. It has
been widely applied, both within and outside South Africa
(Hughes and Hannart, 2003; Kashaigili et al., 2007; Mazvimavi
et al., 2007; Smakhtin et al., 2006; Smakhtin and Anputhas, 2006).
The desired or actual ecological state is classified in a range from
largely natural (category A) to critically/extremely modified (cate-
gory F). The main assumption in the DRM approach is that the eco-
logical flow requirement of relatively stable (less flow-varying)
rivers is higher than highly variable rivers. The justification for this
is that in the latter case the biota have already adapted to, and are
more tolerant to, greater variability (Hughes and Hannart, 2003).
Within the model, two measures of hydrological variability,
namely the coefficient of variation of the long-term dry and wet
season streamflow (CV index) and the long-term baseflow index
(BFI) are used. BFI is the ratio of basefow to total flow, either on
an average annual basis or for an entire observation period
(Smakhtin, 2001a,b). BFI can be zero, if there is no baseflow, like
in ephemeral streams (Smakhtin and Watkins, 1997; Smakhtin
et al., 1995) or range from 0.15 to 0.2 for catchments with a flashy
flow regime, to >0.95 for catchments with high upstream storage
capacity and a stable flow regime (WMO, 2008). The justification
of using these hydrological indices is that while the CV index can
be used to infer long-term climatic variability in wet and dry sea-
son flows, BFI is used to capture the short-term variability associ-
ated with the runoff generation process. The CV index is computed
as the sum of means of CV of monthly flows of the three most wet
and most dry months, respectively. In computing the CV index, the
model assumes that the primary dry season is June-August and the
primary wet months are January-March as occurs over much of
South Africa. Hughes and Hannart (2003) combined these two
hydrological indices into another index (ratio of CV index to BFI),
which they called the overall index of variability and named it
CVB (Eq. (10)):
CVB ¼ CV index
BFI
ð10Þ
where
CV index = Mean (CV (3 main months of wet seasons)) + Mean
(CV (3 main months of dry seasons))
CV = Coefficient of variation of monthly streamflows for a par-
ticular month
BFI = Longterm baseflow index
To estimate instream flow requirements for a given ecological
category, the DRM requires a time series of naturalized monthly
flow (i.e. under non-disturbed conditions) (Hughes, 2003) to assess
the CVB. Within the model, baseflow separation and BFI estimation
is carried out based on monthly streamflow time series using the
Hughes et al. (2004) and Hughes and Hannart (2003) approach,
hence it requires two monthly filter parameters as input (a, b,
see Section 3.3).
Table 1
Key data on catchments and stream gauges.
Catchment
ID
River
gauge ID
Station name and location Latitude Longitude Drainage area
upstream of
river gauge (km2)
Period of
record
Rainfall
station
Latitude Longitude Rainfall
(mm a1)
B81D B8H010 Letsitele River @ Mohlabas Location 23.8932 30.3577 473 1960 - present B8E002 23.8674 30.4289 526
A42D A4H008 Sterkstroom @ Doornspruit 24.2169 27.9730 496 1964 - present A4E002 23.8674 30.4289 528
B73A B7H004 Mohlolobe 24.5562 31.0323 135 1950 - present B6E003 24.5374 30.7974 638
B42F B4H005 Waterval River @ Modderspruit 25.0359 30.2194 191 1960 - present B4E003 24.9583 30.2637 669
B11K B1H004 Klipspruit @ Zaaihoek 25.6736 29.1732 377 1959 - present B3E003 25.4214 29.3581 663
C81F C8H005 Elands River @ Elands River Drift 28.3758 28.8603 697 1963 - present C8E009 28.4379 28.9708 604
V60A V6H004 Sondags River @ Kleinfontein 28.4049 30.0128 662 1954 - present V1E005 28.3662 29.3784 1058
U20D U2H006 Karkloof River @ Shafton 29.3818 30.2778 339 1954 - present U2E003 24.1923 27.9622 528
U20B U2H007 Lions River @ (Mpofana River) 29.4426 30.1485 355 1954–2013 ‘’ ‘’ ‘’ ‘’
U20A U2H013 Mgeni River @ Petrus Stroom 29.5126 30.0944 297 1960 - present ‘’ ‘’ ‘’ ‘’
U70A U7H007 Lovu River @ Beaulieu Estate 29.8624 30.2442 114 1964 - present U6E002 29.8670 30.733 710
K80Ca K8H001 Kruis River @ Farm 508 33.9819 24.0210 26 1961 - present
K80Ca K8H002 Elands River @ Kwaai Brand For. Re 33.9814 24.0501 35 1961 - present
K70B K7H001 Bloukrans River @ Lotterings For. 33.9556 23.6386 57 1961 - present
K60A K6H001 Keurbooms River @ M’Kama 33.8036 23.1353 185 1961 - present
K50A K5H002 Knysna River @ Milwood Forest R 33.8911 23.0294 134 1961 - present K3E003 33.9668 22.7203 634
K40B K4H001 Hoekraal River @ Eastbrook 33.9798 22.7995 112 1959–1993 ‘’ ‘’ ‘’ ‘’
K40C K4H002 Karatara River @ Karatara Forest Res. 33.8808 22.8379 23 1961 - present
K30D K3H005 Touws River @ Farm 162 33.9453 22.6144 78 1969 - present
K30A K3H003 Maalgate River @ Knoetze Kama 34.0067 22.3503 145 1961 - present K2E001 34.0144 22.2308 655
K20A K2H002 Great-Brak River @ Wolvedans 34.0286 22.2219 130 1961 - present ‘’ ‘’ ‘’ ‘’
a Quaternary catchment K80C has two tributary gauging station (K8H001 and K8H002).
2 (http://www.dwaf.gov.za/Hydrology/hymain.aspx accessed on July 3, 2014).
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The determination of allocatable groundwater follows the
methodology presented below. It consists of the following steps:
(1) Selection of gauging stations and study catchments.
(2) Determining the drainage time scale K from the recession
parts of the daily streamflow records.
(3) Separating baseflow from the daily streamflow time series
using the Nathan and McMahon (1990) algorithm.
(4) Aggregating the daily streamflow records (total flows and
baseflows) into monthly records.
(5) Determining the Hughes et al. (2004) and Hughes and
Hannart (2003) monthly filter parameters (a and b) through
calibration, calibrating the DRM-determined monthly base-
flow time series against the monthly baseflow time series
derived by aggregating the daily baseflow records (Step 3).
(6) Write the filter parameters obtained during calibration into
the DRM input file and run the model to determine the
instream flow requirements (IFR) of the rivers for the pre-
sent ecological status.
(7) Determining the monthly surplus baseflow by subtracting
the monthly IFR from monthly baseflows.
(8) Aggregating the monthly baseflow in excess of the IFR into
annual baseflow excess values.
(9) Converting the annual surplus baseflow to equivalent
groundwater storage volume, using the drainage time scale
K (Eq. (6)).
(10) Computing the annual equivalent groundwater storage
depth available by dividing the storage by the area of each
catchment.
(11) Determining the upper limit of groundwater abstraction as
the groundwater storage depth equalled or exceeded 75%
of the years from the storage depth duration curve.
3.1. Selection of study sites and gauging stations
Twenty-one quaternary catchments in South Africa were
selected for the study (Table 1 and Fig. 1) (Ebrahim and Villholth,
2015). Long-term (>30 years) daily streamflow records were
obtained from the Department of Water and Sanitation’s (DWS)online data archive.2 The criteria for selecting the river gauging sta-
tions suitable for recession flow analysis were: (1) baseflow index
(BFI) for the rivers should be higher than 0.25 (based on the map in
Hughes et al. (2007)), indicating an arbitrary minimum required con-
tribution of groundwater to dry season flows; (2) catchments should
be relatively pristine, assessed through the lack of major regulating
structures on the river and insignificant groundwater pumping; and
(3) missing data should be less than 10%. These criteria were quite
strict (identifying 1.7% of stations in the database). However, this
was done in order to assure proper data analysis and proof of the con-
cept. The size of quaternary catchments in South Africa was deemed
appropriate for the analysis, in order to minimize large time lags in
flows through the catchments, which could invalidate the analysis.
The selected catchments varied in size from 23 to 697 km2, and in
annual rainfall from 526 to 1058 mm (Table 1). For the calculations,
the drainage area upstream of the flow gauge was used, rather than
the total area of the quaternary catchments (Table 1).
3.2. Drainage time scale
To minimize the occurrence of direct runoff in the recession
analysis, concurrent daily rainfall data can be used to eliminate
streamflow points during and immediately following precipitation.
However, this approach may induce uncertainties especially when
applied to catchments where the rain gauge network density is
insufficient to capture all events everywhere in the basin
(Brutsaert, 2008). In the absence of concurrent precipitation data,
which is the case in this study, we followed the Brutsaert and
Sugita (2008) approach and selected (dQ/dt, Q) data points that
are a result of recession flows, by:
(i) All streamflow data that have positive or zero dQ/dt values
were removed.
(ii) dQ/dt values that have double or larger values than the
previous one were considered anomalous and eliminated.
(iii) Two data points before dQ/dt becomes positive or zero were
removed.
(iv) The three first data points after major events were
eliminated.
Fig. 1. Map of catchments and river gauging and rainfall stations.
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were identified and the entire year was considered missing, follow-
ing Brutsaert (2008) approach. Following Stoelzle et al. (2013),
major events in this study were defined as streamflow values less
than 30% exceedance frequency during the period of record. Fig. 2
shows the extracted recession flow data points and the total
streamflow for one of the gauging stations during a window of
the full record. Fig. 3 shows the log-log plot of dQ/dt vs Q for
the same station. The drainage time scale K was determined by fit-
ting a straight line with a unit slope to the double logarithmic plot
and keeping roughly 10% of the data points below the line.Fig. 2. Daily streamflow and points extracted for recession flow analysis for station
U2H013 (Y-axis in log scale).3.3. The filter parameters
The recursive digital filter algorithm by Nathan and McMahon
(1990) was developed initially for separating baseflow from daily
streamflow records. Based on findings of Smakhtin and Watkins
(1997) for South African catchments, a filter parameter (f) value
at 0.995 was applied. In order to determine a conservative (low)
estimate of groundwater availability, a sensitivity analysis where
f was varied in the range of typically reported values from around
the world (0.900–0.995) (Ahiablame et al., 2013; Arnold and Allen,
1999; Arnold et al., 1995; Jia et al., 2011; Neff et al., 2005; Santhi
et al., 2008) was conducted on a daily streamflow dataset and pre-
sented in Fig. 4. The daily baseflow values were generated with one
forward pass of the recursive filter. As shown in Fig. 4, using an f
value of 0.995 results in a conservative approach for estimating
daily baseflows and by extension available groundwater.Hughes et al. (2004) and Hughes and Hannart (2003) presented
a more generic form of the Nathan and McMahon (1990) algorithm
for baseflow separation from monthly streamflow records:
qm ¼ bqm1 þ að1þ bÞ  ðQm  Qm1Þ ð11Þ
bm ¼ Qm  qm ð12Þ
Fig. 3. Data points dQ/dt plotted against Q for the U2H013 gauging station. The
lower envelope line has a unit slope, and the drainage time scale is K = 1/a = 1/
0.0094 = 107 days.
Fig. 4. Sensitivity of baseflow separation to the digital filter parameter f for station
U2H013.
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runoff component of the streamflow, bm is baseflow at month m,
and a and b are monthly filter parameters. It is seen that Eqs.
(11) and (12) are equivalent to Eqs. (8) and (9), if a = 0.5.
In this study, we used the Hughes et al. (2004) and Hughes and
Hannart (2003) baseflow separation approach to separate monthly
streamflow records. The a and b parameter values were adjusted
until a good agreement (minimum root mean square error) was
obtained between monthly baseflow values and values aggregated
from daily baseflow separation (using f = 0.995). The calibrated a
and b parameter values were then used as input for the Desktop
Reserve Model to determine IFRs for given ecological categories
of the streams.
In order to determine IFR based on the present ecological con-
ditions in the selected streams, a map of river conditions for pre-
sent ecological categories of rivers in South Africa were obtained
from the National Freshwater Ecosystem Priority Areas (NFEPA)
website3 (Kleynhans, 2000).3 http://bgis.sanbi.org/NFEPA/NFEPAmap.asp (accessed on September 3, 2014)3.4. Determining upper limit of groundwater allocation
To determine the upper limit for groundwater allocation,
monthly baseflow in excess of IFR for the present ecological cate-
gory was calculated by subtracting the monthly IFR from monthly
baseflow values. These baseflow surplus values were then summed
to form annual excess baseflow values and converted to annual
available groundwater storage volumes by multiplying with the
drainage time scale. Basically, this corresponds to applying Eq.
(6) in a differential form (dS = K Q(t) dt), setting Q equal to (b –
IFR)m and then integrating at the annual scale. The available annual
storage was then divided by the respective drainage area to deter-
mine the annual average available depth of a layer of water above
zero flow level spread over the catchment area. Depth duration
curves analogues to flow duration curves (i.e. cumulative fre-
quency curves) were generated in order to express the percentage
of time a specified groundwater depth was exceeded during the
period of flow record. The 75% exceedance was used to determine
the upper limit of groundwater abstraction. With a secured avail-
ability of these volumes for 75% of the years, variability between
years is assumed to be manageable through the buffering capacity
of the aquifers. The buffering capacity refers to the ability of
groundwater storages to bridge dry years.4. Analysis and results
4.1. Drainage time scale and baseflow index
The drainage time scales of the quaternary catchments are pre-
sented in Table 2. The computed drainage time scale in the study
areas ranges from 28 to 168 days.
The computed long-term baseflow index (BFI) across the qua-
ternary catchments ranges from 0.18 to 0.61 (Table 2). Catchments
located along the southern coast (K80C, K70B, K60A, K50A, K40B,
K40C, K30D, K30A, and K20A) have relatively low BFI values (aver-
age = 0.27 ± 0.08, as compared to 0.45 ± 0.11 for the rest of the
catchments in the northeast).
4.2. Estimation of environmental flow requirements
Except one catchment with category A (V60A), all others belong
to present ecological category (PEC) B or C (Table 2). Results of the
study presented in Table 2 shows that to maintain the rivers in
PEC, approximately 6.78–27.36% of the mean annual runoff in dif-
ferent catchments needs to be allocated to freshwater dependent
ecosystems as IFR. The higher the ecological class, the more water
needs to be allocated for ecosystem maintenance.
4.3. Upper limit of groundwater allocation
Fig. 5 shows the time series of annual groundwater storage
depth in excess of present IFR for all catchments. As it can be seen,
the available groundwater storage is highly variable across the
years for some of the catchments, while for others it is rather con-
stant. Fig. 6 shows the box plot of the annual available groundwa-
ter storage depth for the same data set. What is discernible from
this figure is that catchments located on the southern coast (Zone
3), because having higher ecological category (mostly B as opposed
to C), have relatively low available groundwater storage depth, and
as one moves to the northeast the available storage depth
increases. This may also be related to the relatively low BFI in
the southern catchments leaving little room for surplus after
accounting for environmental flow requirements.
The same data set used in Figs. 5 and 6 was used to plot the
depth duration curves shown in Fig. 7. The lower portion of these
Table 2
Results of groundwater availability assessment.
Catchment
ID
River
gauge ID
A
(km2)
K
(day)
Long-term
BFI (–)
PEC MAR
(106 m3 a1)
CVB
index
IFR (% of
MAR)
GWSD75
(mm a1)
GWSV75
(106 m3 a1)
WSD75D
(mm a1)
GWSV75D
(106 m3 a1)
B81D B8H010 473 53.1 0.37 C 63.83 8.1 10.42 0.39 0.19 0.68 0.32
A42D A4H008 496 84.0 0.48 B 37.99 3.6 25.52 3.25 1.61 3.43 1.70
B73A B7H004 135 85.3 0.41 C 27.26 4.4 13.52 4.99 0.67 6.78 0.91
B42F B4H005 191 119.0 0.54 C 22.4 2.5 17.39 6.35 1.21 7.70 1.47
B11K B1H004 377 168.0 0.61 C 31.98 2.7 16.75 9.40 3.54 10.33 3.89
C81F C8H005 697 64.6 0.32 C 104.34 5.8 12.01 3.15 2.19 3.44 2.40
V60A V6H004 662 65.0 0.28 A 88.25 8.7 27.36 0.26 0.17 2.71 1.80
U20D U2H006 339 82.7 0.43 B 88.04 3.7 25.13 7.45 2.53 11.31 3.83
U20B U2H007 355 111.0 0.47 C 61.31 3.3 15.31 9.89 3.51 11.39 4.04
U20A U2H013 297 107.0 0.42 B 75.66 3.7 25.26 7.93 2.35 13.83 4.11
U70A U7H007 114 120.0 0.51 C 10.81 2.8 16.48 4.96 0.57 5.75 0.66
K80C K8H001 26 27.5 0.20 C 17.47 9.4 9.78 11.83 0.31 13.44 0.35
K80C K8H002 35 45.5 0.27 C 16.27 7.8 10.62 11.18 0.39 12.36 0.43
K70B K7H001 57 62.8 0.32 B 25.77 6.3 20.03 6.18 0.35 14.00 0.80
K60A K6H001 185 39.5 0.28 B 10.62 16.1 13.81 0.10 0.02 0.32 0.06
K50A K5H002 134 67.8 0.39 B 23.76 5.7 20.85 4.97 0.67 8.05 1.08
K40B K4H001 112 84.5 0.38 B 23.6 6.5 19.73 6.38 0.71 10.88 1.22
K40C K4H002 23 33.5 0.20 B 9.09 11.8 15.56 1.02 0.02 3.42 0.08
K30D K3H005 78 54.5 0.34 B 12.26 8.5 17.67 2.33 0.18 4.16 0.32
K30A K3H003 145 33.3 0.18 C 25.82 17.7 7.45 0.53 0.08 1.07 0.16
K20A K2H002 130 34.0 0.18 C 16.29 19.5 6.78 0.12 0.49 6.95 0.90
A = Drainage area upstream of river gauge (km2); PEC = Present ecological category; GWSD75 and GWSV75 = Groundwater storage depth (mm a1) and volume (106 m3 a1)
available 75% of the time, respectively, for PEC; GWSV75D and GWSD75D = Groundwater storage volume (106 m3 a1) and depth (mm a1), respectively, available 75% of the
time (mm a1) for ecological category D.
Fig. 5. Time series of annual groundwater storage depth in excess of IFR for the
present ecological state for the quaternary catchments. Fig. 6. Box plot of annual groundwater storage depth in excess of IFR for the present
ecological state for the quaternary catchments.
760 G.Y. Ebrahim, K.G. Villholth / Journal of Hydrology 541 (2016) 754–765curves is more important for analysis as it represents low flow and
dry conditions. Table 2 also gives the annual groundwater storage
depth (GWSD75) and volume (GWSV75) that are available 75% of
the years, respectively, as a measure of the upper limit to sustain-
able groundwater exploitation, ensuring the satisfaction of IFR
based on the present ecological state 75% of the time. The values
range from 0.02 to 3.54  106 m3 a1 or 0.10 to 11.83 mm a1,
but not necessarily for the same catchments due to difference in
catchment size (Table 2).
The results obtained are comparable to allocatable groundwater
assessments in a case described in Parsons and Wentzel (2007),
who found values of 0.54–7.68  106 m3 a1 (1.4–50.5 mm a1)
for ten quaternary catchments of similar size (134–508 km2) and
rainfall conditions (300–1500 mm a1) and in relatively good eco-
logical state using the methodology of Eq. (1). The present results
are on the lower side, reflecting the conservative approach.
Changing the ecological category has a significant influence on
the availability of groundwater. Changing to ecological categoryD for all the catchments, the groundwater storage depth available
75% of the years across the catchments increases from (0.10–
11.83 mm a1) to (0.32–14.00 mm a1) (Table 2).
5. Discussion
The approach demonstrated in this study to estimate the allo-
catable groundwater storage was applied to rivers, which have
perennial flow and a minimum level of baseflow (BFI > 0.18,
Table 2). It remains to be tested if the method is applicable and
meaningful for catchments with lower baseflow contribution. In
South Africa, approximately 35% of the land area based on quater-
nary catchments has been estimated to have BFI > 0.25 Hughes
et al. (2007), showing that the method has a generally wide
applicability. In addition, the rivers were not appreciably affected
by human activities (i.e. regulations, diversion, groundwater
abstraction, or other man-made alterations). This approach
Fig. 7. Groundwater excess storage depth duration curves for the quaternary
catchments.
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ments that are presently significantly affected by human impacts,
historical or synthetic data sets (e.g. from modelling assuming
pre-development land use and no human impacts, but post-
development climate (Le Maitre and Colvin, 2008), need to be
applied in order to determine upper limits to groundwater use.
Such catchments may presently have BFI < 0.18, but under pre-
development scenarios higher values, in effect extending the appli-
cability of the method to lower (present-day) BFI regimes. It was
assumed that temporal trends or sudden changes in baseflow
regime were insignificant. However, some trends were detected
(data not shown) and further analysis is required to assess possible
implications for the results.
The drainage time scale, K, was found to be strongly correlated
with BFI (R2 = 0.88) (Fig. 8 and Table 3), which indicates that K can
be estimated indirectly from the baseflow data in these environ-
ments, omitting one step in the computation process. This is very
useful, as the determination of K through recession flow analysis
is time-consuming relative to the baseflow separation. The correla-
tion is physically plausible, as slow recession response (high K),
indicates high base flows (high BFI). However, the universality of
the correlation remains to be tested. Correlation analysis
performed between K, BFI, mean annual rainfall, and other
geomorphological catchment attributes is presented in Table 3.Fig. 8. Relationship between K and long-term BFI. Ta
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catchment slope (correlation coefficient (cc) = 0.70). This means
that catchment slope partially explains a broad hydrological
response difference between the coastal steep and more inland less
steep catchments (data not shown). Observed negative correlation
between K and drainage density supports the physical plausibility
that catchments with higher drainage density have higher surface
runoff and flashier streamflow response.
Geology is a primary control for baseflow (Bloomfield et al.,
2009; Farvolden, 1963; Neff et al., 2005; Price, 2011). In an attempt
to further substantiate the physical credibility of the methodology,
qualitative linkages between the characteristic drainage time scale
K and the hydro-geological setting of the catchments were made.
Santhi et al. (2008) demonstrated that there was a strong posi-
tive correlation between percentage of sand in the soil and BFI. We
calculated the percentage sand content for the top 1 m of soil in the
catchments using a global soil dataset (SoilGrids, 1 km, http://
www.soilgrids.org/index.html) and correlated it to K. Results of
the correlation analysis indicated that percentage sand content of
the soils were highly, but negatively correlated to BFI
(cc = 0.68), as opposed to Santhi et al. (2008). This could be due
to high interflow as a result of an increase in slope and/or fractures
above the water table as demonstrated by Hughes (2010). In gen-
eral, an increase in sand content in upper layers would increase
infiltration, but an increase in slope may favour interflow over
recharge. Xu and Beekman (2003) compared recharge estimation
in the small mountainous Vermaaks river catchment, South Africa,
and found 10% overestimation in recharge when interflow is disre-
garded. Beck et al. (2013) found moderate nonlinear relationships
between percentage of sand content and log transformed BFI. This
shows that the relationship between sand content and BFI is not
well constrained. We also correlated K with the area-weighed
borehole yield of each catchment obtained from the 1:500,000
hydrogeological map from DWS as well as with storativity and
specific yield values from the GRAII database (Groundwater
Assessment Phase II project, DWAF (2006)) (Table 3). K was found
to be positively correlated with storativity (cc = 0.50), whereas, the
correlation with both borehole yield and specific yield were found
to be weak (cc = 0.14 and 0.39, respectively). Despite overall posi-
tive correlation, Fig. 9 shows that the relationship between stora-
tivity and K are distinct for the three regions. The average
storativity values for catchments in zone 1, 2, 3 (Fig. 1) are
8.20  104, 9.84  105, and 1.40  104, respectively. The
average K values are 102, 92, and 48 days, respectively. HigherFig. 9. Relationship between K and storativity.storativity in zone 1 is consistent with large K, and relatively high
yielding boreholes (Barnard, 2000; Toit and van Lelyveld, 2014).
However, despite their low storativity values, catchments in zone
2 have large K. This is because catchments in this zone have rela-
tively low hydraulic conductivity (King, 2002), and would drain
more slowly. On the other hand, catchments in zone 3 have smaller
K, despite having relatively higher storativity than catchments in
zone 2. The reason for this it that catchments in zone 3 belong to
the Table Mountain group (TMG), and are characterised by highly
fractured sandstone aquifers, and more rapid drainage of ground-
water storage (Meyer, 1999). Highly fractured aquifers typically
have higher hydraulic conductivity, high rate of groundwater flow,
and smaller K than aquifers with smaller fractures (Focazio et al.,
1998). Smaller K may also be due to other hydrological processes
that reduce infiltration and promote runoff (Farvolden, 1963) or
lateral flow from unsaturated fracture zones that reduces ground-
water recharge as demonstrated by Hughes (2010). Meyer (1999)
noted that due to the fractured nature of sandstone aquifers in
TMG, high rates of infiltration of up to 15% of the mean annual
rainfall may occur in high rainfall areas. This shows that in zone
3 catchments, the controlling factor for recharge is not the rate
at which infiltration takes place in the upper soil layer but the rate
at which later flow does takes place from the unsaturated fracture
zones. Other factors such as the depth to which the streams are
incised, and the relation of the water table to the bed of the
streams may also affect the rate of groundwater flow to streams,
but data on these factors are not available. It is important to note
that the correlation analysis between flow recession and geology
was not the scope of this paper and not pursued further. Clearly
more work is needed to resolve this complex issue.
Direct comparison of our results with GRAII groundwater stor-
age estimates available for all quaternary catchments of South
Africa was not possible, mainly for the following reasons: (i) their
estimate is based on 5 m allowable drawdown in groundwater
level, (ii) we explicitly and systematically included environmental
flow requirements, and (iii) we used a conservative approach in
baseflow estimation and estimated groundwater storage available
75% of the time. The correlation of our results with GRAII estimate
of dry period groundwater exploitation potential (cc = 0.55) signi-
fies that the two estimates are related to some extent.
The methodology of this study can be applied for estimating
monthly (as opposed to annual) groundwater storage available
for abstraction. However, since groundwater storage is replenished
and released slowly and the amount released may be relatively
small compared to the total groundwater storage volume, implying
that the aquifer can play a certain buffering role, it was assumed
that doing the calculations on an annual basis was adequate. In
addition, the method gave indication of long-term inter-annual
variability, which the Parsons and Wentzel (2007) method does
not.
The present streamflow-based methodology used to determine
the ecological reserve for perennial rivers cannot be applied to nat-
ural/naturalized non-perennial river systems (Hughes, 2009;
Rossouw et al., 2005; Seaman et al., 2009, 2013). Recently,
Seaman et al. (2009) adopted the Downstream Response to
Imposed Flow Transformation (DRIFT) approach, originally devel-
oped for perennial rivers (King et al., 2003), to non-perennial riv-
ers. DRIFT is a scenario-based approach that analyzes a number
of scenarios based on future flow regime, together with their
impacts (King et al., 2003) to determine groundwater flow require-
ments to the riparian zone and static pools in the channel. Such
methods could form the basis for determining groundwater avail-
ability in non-perennial catchments.
Finally, the assessment made no separate assessment of the
aquifer classification per se, which is a component of the RDMs.
The ecological requirements were solely based on classification
G.Y. Ebrahim, K.G. Villholth / Journal of Hydrology 541 (2016) 754–765 763of the recipient streams. However, some concerns on the aquifer
itself may be relevant, to protect it from degradation, e.g. as a
result of exaggerated groundwater level declines, which for exam-
ple could adversely impact important phreatic vegetation. As sta-
ted by Parsons and Wentzel (2007), groundwater level will often
be an accompanying criterion in determining reserves. Similarly,
no water quality aspects were taken into consideration in the
reserve determination. This will also have to be included for any
meaningful and comprehensive RDM assessment.6. Sources of uncertainty
6.1. Assumptions and simplifications associated with the method
Some of the critical assumptions associated with Eq. (2) were
tested by different researchers. For example, Van de Giesen et al.
(2005) compared the one dimensional Boussinesq equation to the
more general two dimensional Laplace equation for a horizontal
aquifer and found that the long-time solution of the Boussinesq
equation (the case considered here) provided the same result as
the solution based on the Laplace equation. The authors also found
that for the long-time solution, the Boussinesq equation is valid
for both fully and partially penetrating streams. Furthermore,
Szilagyi et al. (1998) examined the performance of Eq. (2) by means
of a numerical model, including horizontal heterogeneity, non-
rectangular aquifer and gently sloping aquifer. The authors
concluded that increasing the complexity of the watershed within
realistic constraints did not significantly impact the accuracy of
the results. The assumption that the flow can be treated as a one
dimensional horizontal flow is justified based on Toth (1963) analy-
sis,where inmost small basins, the slopes of the valley flanks greatly
exceed the longitudinal slopes of the valley floors. This difference in
slope causes the vertical component of the groundwater flow to
become negligible compared with the horizontal component.
Following the methodology of Brutsaert and Lopez (1998), we
also tested the assumption of linearity for the cases (i.e. b = 1).
We plotted dQ/dt versus Q on double logarithmic scale for each
gauging station and subjected it to linear regression and organic
correlation. The mean of the slope (b) for all catchments obtained
with ordinary regression is 0.89 with a standard deviation of 0.38.
For organic correlation, the corresponding values were 1.82 and
0.55, respectively. Thus, we argue that it is appropriate to assume
linear groundwater storages.
Other assumptions implicit to the method include: (i) ground-
water divides and surface water divides coincide, and (ii) recession
streamflow originates from cumulative outflow from upstream
phreatic aquifers in the catchment. This basically implies that
groundwater flow is local, relatively shallow, replenishable, and
more or less follows topography. Deeper andmore regional (maybe
confined) groundwater flow systems do not necessarily conform to
these assumptions. It is not clear, how scale effects may influence
the results. Upper, smaller catchments may be the source of regio-
nal groundwater flow that would be lost to the local streamflow
analysis, but may be included in a larger scale analysis. However,
if the catchment scale increases, there is a risk that the time lag
between recharge and discharge is so large that the annual scale
of analysis applied here may be too short.6.2. Baseflow separation
Firstly, the results of the baseflow estimation were found to be
very sensitive to the digital filter parameters. This in turn has sig-
nificant implication for allocatable groundwater. Secondly, rela-
tively low BFI values were obtained, from 0.18 to 0.61, which are
generally lower than the values mapped in Hughes et al. (2007)for the same catchments. Hence, the approach for determining
allocatable groundwater is conservative. Attaining higher BFI val-
ues (using lower f values) would result in higher groundwater
availability estimates, but could also increase possible errors by
inclusion of non-strictly groundwater-derived flow components
(like interflow) in the baseflow. This would imply the overestima-
tion of available and accessible groundwater in the catchment as
interflow generally is not accessible as groundwater (Hughes,
2010). It has already been made clear that baseflow separation
techniques based solely on the analysis of streamflow hydrographs
are not process-based, and without field observation data the true
baseflow contribution and its sources cannot be confidently deter-
mined (Nathan and McMahon, 1990). However, since actual mea-
surement of baseflow is difficult and not generally available,
evaluation of the filtering technique against hydrochemical and
isotopic methods, as exemplified in Gonzales et al. (2009), would
help to select an appropriate filter parameter value and increase
the credible separation of the groundwater component.7. Conclusions
Determining groundwater allocation based on good scientific
understanding and adhering to sound sustainability and social
equity principles are critical. The study proposed an alternative
methodology for determining groundwater availability. Rather
than using recharge as the upper limit for groundwater abstraction
(Eq. (1)) as proposed by Parsons and Wentzel (2007), baseflow in
unregulated streams was assumed to be a good indicator of shal-
low groundwater availability in the catchment. Using baseflow
separation and recession flow analysis, and established knowledge
and practise for determining ecological flow requirements of rivers
in South Africa, through the Desktop Reserve Model, the surplus
baseflow in excess of the ecological flow requirements were
assumed to be representative of available groundwater in upper
parts of the catchment in unconfined aquifers, represented as lin-
ear reservoirs.
The approach was demonstrated and showcased for twenty-one
perennial and relatively undeveloped quaternary catchments in
South Africa with good and long streamflow records and using
the present ecological state of these streams as the target for
instream flow requirements and subsequently for estimating avail-
able groundwater.
Results show that groundwater availability varies spatially
across the investigated sites and despite groundwater being a buf-
fer, availability also shows variability across the years. Assuming
that an exceedance level of 75% of the years is relevant for the
assessment of the groundwater availability on a long-term basis,
it was found that the upper limit for groundwater allocation over
the catchments varies between 0.02 and 3.54  106 m3 a1 (0.11–
9.39 mm a1). The results depend strongly on the ecological cate-
gory applied. Going from the present category to a more exploitive
scenario implies significant increase in allocatable groundwater.
However, wide-scale allocation of water to this extent would
threaten ecological resilience and the provision of ecosystem ser-
vices to society, even though in the short term there may be
socio-economic benefits due to the increased water use.
In general, the approach proved to be a useful tool to assist in
assessing ecological needs for groundwater as part of determining
the Reserve and for determining available groundwater for human
development needs. Its novelty lies in the combination of various
existing methodologies for assessing baseflows, recession flows
and instream flow requirements to extract valuable information
on groundwater behaviour, like its drainage characteristics to
streams, aswell as quantitative estimation of available groundwater
volumes and its spatial and temporal variabilitywithin South Africa.
764 G.Y. Ebrahim, K.G. Villholth / Journal of Hydrology 541 (2016) 754–765Due to the complex nature of the fractured rock aquifer systems
of the catchments and limited available hydrogeological informa-
tion, interpretation of the results in terms of physical and hydroge-
ological properties and controls of streamflow recession and
baseflow proved difficult. Also, further work is required to refine
and further test the method, resolving some of the uncertainties
related to the baseflow separation methods, as well as the applica-
tion to streams with lower baseflow indices. However, the method
will not be applicable to ephemeral streams where baseflows are
insignificant or non-existent.
Finally, the method has to be applied and tested in actual
Reserve determinations, and contrasted more rigorously with pre-
vious groundwater reserve assessments, while ensuring that link-
ing to other components of the resource directed measures are
taken into account.
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